Time series of surface air temperature recorded at eight stations upon the northern Antarctic Peninsula and South Shetland Islands were analyzed for the period 1971e2000 (longer time series were analyzed for some of the stations). Erroneous values and inhomogeneities were searched for. After homogenization, missing data were replaced by interpolated values. Monthly, seasonal, and annual trends in surface air temperature were analyzed, and their statistical significance calculated. Spatial variability in surface air-temperature trends was determined and three distinct regions identified: a southern region (Vernadsky, Rothera), eastern region (Esperanza, Marambio), and northern region (Bellingshausen, Prat, Frei, O'Higgins).Different trends in temperature were obtained for the eastern and western coasts of the Antarctic Peninsula, despite the close vicinity of the stations. The surface air temperature on the northern coast (O'Higgins) and in the northern region shows the smallest changes in temperature. The lowest surface air temperature and greatest warming trends during 1971e2000 were recorded on the eastern coast (Marambio and Esperanza) in autumn. The analyses confirm a warming trend (except for spring) at some stations. The most pronounced increasing seasonal trend was found in winter (five stations), followed by autumn (three stations). This warming is probably related to changes in atmospheric circulation, the extent of sea ice, and ocean processes.
Introduction
A detailed spatio-temporal analysis was made of time series (1950e2003) of air temperature recorded at eight stations in the region of the northern Antarctic Peninsula and South Shetland Islands [Bellingshausen (BEL), Faraday/Vernadsky (Vernadsky, VER), Rothera (ROT), Esperanza (ESP), Presidente Eduardo Frei (Frei, FRE), General Bernardo O'Higgins (O'Higgins, HIG), Capitano Arturo Prat (Prat, PRA), and Marambio (MAR)]. The focus of this study is temporal changes in surface air-temperature trends in this part of Antarctica and their regional significance.
The nature of global climate change has been of increasing interest in recent decades. In this regard, the polar regions (including the Antarctic Peninsula and South Shetland Islands, where climate change has been well documented) have been attracting the attention of climatologists and other scientists. Data sets on surface air temperature recorded at stations on the Antarctic Peninsula show high variability and increasing mean surface air temperature. Concerning Antarctica overall, Turner et al. (2005) noted the occurrence of an Antarctic-wide change in the nature of the temperature trends. Vaughan et al. (2001) reported a considerably stronger warming trend in the northwest Antarctic Peninsula than the mean trend in Antarctic surface air temperature. Jacka and Budd (1998) reported that the mean trend in surface air temperature for the Antarctic Peninsula is 2e2.5 times the average trend for Antarctica overall. Indeed, seasonal trends recorded on the Antarctic Peninsula resemble those recorded at stations in the Southern Ocean rather than other Antarctic stations. Table 1 presents a summary of trends in mean surface air temperature reported in previous studies. Turner et al. (2005) reported that marked warming occurs from southwest of the Antarctic Peninsula through Faraday Station and the tip of the peninsula to the South Shetland Islands, with the rate of warming decreasing north of Faraday. The rate of increase in mean annual surface air temperature at Faraday during 1971e 2000 is less than that during 1961e1990, although the reason for this trend remains poorly understood. King and Comiso (2003) noted that near-surface temperatures on the west coast of the Antarctic Peninsula show extreme interannual variability and a weak correlation with temperatures on the east coast of the peninsula. The west coast is influenced by relatively warm airmasses associated with systems that move across the Bellingshausen Sea. The orographic barrier of the peninsula obstructs the advance of such systems to the east coast, which remains under the influence of cold continental airmasses. Morris and Vaughan (2003) reported a temperature difference of 3e5 C between the east and west coasts of the Antarctic Peninsula; furthermore, the À9 C isotherm marked the present limit (in 2000) of ice shelves that retreated during the 20th century. observed seasonal and spatial differences in climate between the east and west coasts of the Antarctic Peninsula. The surface air temperature is increasing by w0.03 C/year on the east coast in all seasons and on the west coast in summer. However, wintertime warming on the west coast exceeds 0.1 C/ year. The authors concluded that surface air temperature is influenced by atmospheric circulation, sea ice, and ocean processes.
The regional warming recorded in recent decades (e.g., Skvarca et al., 1998) has influenced both the east and west coasts of the Antarctic Peninsula; however, interannual comparisons reveal a large difference between the two areas, with higher interannual variability on the west coast. In addition, the northern tip of the Antarctic Peninsula is affected by weather from the Weddell Sea. Kejna (2003) reported that the early years during the period 1958e2000 were cold in Antarctica, with an important regional differentiation (between the temperature rise in West Antarctica, especially on the western coast of the Antarctic Peninsula, and temperature decrease in East and central Antarctica) observed toward the end of the period. The annual time series of Antarctic-wide temperature averages, originally compiled by Raper et al. (1984) and Jones (1995) , and updated by Jones and Reid (2001) , reveals warming during past 40 years, although the most substantial warming occurred before 1970. Vaughan et al. (2001) suggested that warming of the Antarctic Peninsula began in the 1930s, as revealed by the high correlation between annual temperature records at Orcadas and Faraday. King (1994) documented alternating cold and warm periods: the 1950s were relatively cool, followed by relatively warm conditions in the early 1970s and cold conditions during 1975e1982, temperatures have been relatively high in following years. The degree of variability in interannual surface air temperature upon the Antarctic Peninsula (greatest variability is recorded in JuneeSeptember) is higher than that in neighbouring areas. Jones and Reid (2001) proposed that the climate of the South Shetland Islands is more strongly influenced by conditions in the area of the Drake Passage and Scotia Sea than by conditions in more southerly areas. The authors suggested that the greater surface air-temperature variability observed during the winter season is indicative of a lower significance of its change in this season compared with that in other seasons.
Data and methodology
The analysis of time series focused on long-term data recorded at 0000, 0600, 1200, and 1800 GMT at the Bellingshausen, Rothera, and Vernadsky/Faraday stations, and monthly mean data from the Esperanza, Frei, O'Higgins, Prat, Marambio, Arctowski (ARC), Palmer (PAL), and Orcadas (ORC) stations. The time series were compiled from various sources (see Table  2 ). Also analyzed was a time series produced by the READER (Reference Antarctic Data for Environmental Research) project of SCAR (Scientific Committee on Antarctic Research), as described in Turner et al. (2004) . The aim of the READER project is to create long-term datasets of highly accurate The following data assessment was performed on monthly mean surface air temperatures. The reference time series were created using AnClim software (Stepanek, 2005) . First, correlation coefficients were calculated for each month between two different stations for time series of monthly mean surface air temperature. Next, the average correlation coefficient was calculated for the period during which both stations were measuring. Based on the average of monthly correlation coefficients (for values above 0.8) and the interval, time, and location of measurements, the most suitable stations for compiling a reference time series (Table 3) Easterling and Peterson, 1995; Peterson et al., 1998) . Homogeneity was confirmed for all the evaluated stations except for the time series from Frei, for which inhomogeneity is related to relocation of the station from a coastal site (10 m above sea level; m.a.s.l.) to the airport (55 m.a.s.l.) in November 1994; the data are homogeneous for the period since 1994. The temperature time series recorded at Frei was homogenized by AnClim software using data from Bellingshausen, O'Higgins, and Prat. The annual mean surface air temperatures (1995e2002) increased by 0.3e0.4
C as a consequence of homogenization.
The missing values for each station were replaced according to the relevant reference time series by interpolation, using AnClim software, following the method based on differences in long-term means. The time series for Rothera and Bellingshausen were extended by proxy data of the monthly mean surface air temperatures, as taken from Jones and Reid (2001) . Jones and Limbert (1987) describe the origin of these proxy data [proxy data are data obtained from natural recorders of climate variability (e.g., historical data, tree rings, ice cores), thereby enabling an analysis of climate beyond the instrumental record].
Eight localities were selected for analyses after assessing the following factors: quality of data files, Table 3 Overview of the selected stations, their characteristics, period and frequency of the data, reference stations, and results of homogeneity tests. temporal continuity of the measurements, final length of the adapted time series after replacement of missing values, and station location ( Fig. 1) . Table 3 provides basic information on the selected stations. The Palmer and Arctowski stations were not selected for analysis because of incomplete or short data sets. Orcadas station was used only to create reference time series, as it is located outside the area of interest. Data were analyzed and surface air-temperature trends evaluated for two time periods. For the longer period (at least 1963e2003), only five stations were considered, whereas all eight of the stations were considered for the shorter period (1971e2000). The compilation of seasonal surface air temperatures and their trends was based on Antarctic seasons as defined by Jacka and Budd (1998) (summer: Decembere February; autumn: MarcheMay; winter: Junee August; spring: SeptembereNovember). The surface air-temperature trends were calculated with AnClim software, using linear regression of a data series of anomalies (anomalies were calculated regarding the period 1971e2000). The statistical significance of identified trends was assessed by the t-test.
Temporal and spatial analysis
Three relatively homogeneous regions within the study area were identified based on correlation analysis Table 4 ) and the trends of the time series (Table 5) : the southern region (Vernadsky, Rothera), eastern region (Esperanza, Marambio), and northern region (Bellingshausen, Prat, Frei, O'Higgins).
The classification of O'Higgins among the three regions was problematic, as it is located on the northern windward edge of the orographic barrier of the Antarctic Peninsula, which influences atmospheric circulation and consequently temperature characteristics. The statistical characteristics and trends of the time series recorded at O'Higgins are more similar to those of time series from the northern region (Tables 4  and 5 ) than those of time series from the (closer) eastern region.
The surface air temperatures and their temporal variability show slight variations from north to south with respect to the distances between stations (hundreds of kilometers) and their latitudes. In contrast, variations are more pronounced from the west coast to the east coast, especially in the northern part of the Antarctic Peninsula (over distances of tens of kilometers; e.g., the distance from Esperanza to O'Higgins is 50 km).
An analysis of the extremes in annual surface air temperature (Fig. 2) revealed that the warmest year was 1989 in the southern region at Vernadsky (À1.2 C) and Rothera (À1.8 C), in the northern region as a whole (À0.7 C), at O'Higgins (À2.2 C), and in the eastern region at Esperanza (À3.1 C). Marambio was equally warm (À6.3 C) in 1999. The coldest year was 1959 at Vernadsky (À8.1 C) and at Bellingshausen (À5.2 C), 1961 at Esperanza (À7.7 C), and 1980 in the northern region as a whole (around À4 C) and at O'Higgins (À5.4 C), Rothera (À8.1 C), and Marambio (À10.9 C). The southern region is characterized by moderate annual mean surface air temperature (around À4 C; Table 4 ) and a high standard deviation (w1.4 C). The eastern region has a relatively low annual mean temperature. The lowest annual mean temperature (Fig. 2 ) was recorded at Marambio (À8.6 C), more than 3 C lower than that at the nearest station (Esperanza, À5.3 C). Marambio is the only station located at altitude (w200 m above sea level) and is relatively exposed to the influence of the Weddell Sea. The standard deviations are lower in the eastern region (w1.15 C) than in the southern region (w1.4 C). The annual mean temperature is highest in the northern region (À2.3 C; À3.8 C at O'Higgins), where the standard deviations are lowest (w0.8 C).
4. Annual and seasonal trends in surface air temperature Table 5 lists the annual and seasonal trends in surface air temperature during the period 1971e2000 and for periods longer than 1971e2000, as well as their statistical significance determined by the t-test at a significance level of 95%. Annual temperature trends Table 2 ).
at all stations are statistically significant for periods longer than 1971e2000, and are significant at Esperanza, Marambio, Prat, and Frei for the period 1971e 2000. The summer temperature trends are statistically significant for all stations and time periods, except for the southern region for 1971e2000. Moreover, summer mean temperatures have the lowest standard deviation. Autumn temperature trends are statistically significant for all stations for periods longer than 1971e2000 and for Rothera and Esperanza for the period 1971e2000. For all stations, weak increasing and decreasing trends in temperature are not statistically significant.
Trends in annual mean surface air temperature during the period 1971e2000 range from 0.68 C/10 years at Marambio in the eastern region to 0.25 C/10 years at Rothera in the southern region; the value for the northern region is 0.3 C/10 years. The geographical division of the study area into three regions is supported by the spatial distribution of the maximum and minimum seasonal surface air-temperature trends during the period 1971e2000. Only the southern region shows some indication of spatially heterogeneous trends (the southern region is relatively large). The seasonal trend at Vernadsky ranges from 1.0 C/10 years in winter to À0.02 C/10 years in summer. At Rothera, the seasons of extreme trends occur earlier in the annual cycle (compared with Vernadsky) and are the same as those in the eastern region, although seasonal trends at Rothera show the smallest variation among all stations (ranging from 0.65 C/10 years in autumn to 0.06 C/10 years in spring). The eastern region shows the largest variation in seasonal trends (from 1.2 C/10 years to À0.15 C/10 years). The northern region, including O'Higgins, is characterized by an abrupt change in temperature each year, with the extreme seasons being winter (0.77 C/10 years) and spring (À0.05 C/10 years). Summertime temperature trends range from 0.75 C/10 years at Marambio to a minimal of À0.02 C/10 years at Vernadsky. Autumn temperature trends are highest in the eastern region and at Rothera, and show the greatest variation across the target area, ranging from 1.24 C/10 years at Marambio to 0.25 C/ 10 years at Vernadsky. Winter temperature trends range from 1.0 C/10 years at Vernadsky to 0.28 C/10 years at Rothera, both in the southern region. Spring temperature trends are lowest, except at Vernadsky, and vary across the target area from 0.21 C/10 years at Vernadsky to À0.15 C/10 years at Esperanza. For all stations, the seasons that show extreme seasonal trends are the same for periods longer than Table 4 Statistical characteristics of the time series of surface air-temperature for various time periods. Means and standard deviations are given in C (sources: BAS, DMdC, AARI, UAC; see Table 2 ).
Annual mean as for 1971e2000, although the degree of variation in the trends is lower for longer periods. For periods longer than 1971e2000, the greatest variation in trends is seen in the southern region (at Vernadsky) and the smallest variation is seen in the northern region (at Bellingshausen). The most strongly increasing trends are the annual trend at Vernadsky (0.56 C/10 years), the autumn trend at Rothera (0.68 C/10 years), the winter and spring trends at Vernadsky, and summer trends at Esperanza. The lowest annual and seasonal trends are found mainly in the northern region, being the annual trend (0.18 C/10 years) and summer and spring trends (the only decreasing trend; À0.11 C/10 years) at O'Higgins, the autumn trend at Bellingshausen, and the winter trend at Esperanza. Fig. 3 shows the monthly trends in mean surface air temperature at five selected stations, arranged from the highest to lowest trends. Below, monthly characteristics are described and compared among the three regions, first for 1971e2000 and then for longer periods. The patterns of annual cycles are also compared.
Trends in monthly mean surface air temperature
Monthly mean surface air temperature shows the greatest increase within the southern region in July at Vernadsky (w1.4 C/10 years) and in May at Rothera (>1.1 C/10 years). The southern region shows a degree of heterogeneity. Maximum warming within the eastern region occurs in April and May at Esperanza (>1.3 C/10 years). In the northern region, warming is most pronounced in August at Bellingshausen (w0.9 C/10 years) and in June at O'Higgins (>0.8 C/10 years). Maximum warming at O'Higgins occurs in May in the northern region and August in the eastern region, according to its geographical assignment. Monthly surface air temperature shows the greatest decrease in October in the eastern region at Esperanza (<À0.6 C/10 years) and in the northern region at O'Higgins and Bellingshausen (<À0.35 and < À0.1 C/10 years, respectively). Surprisingly, the minimum trend in monthly temperature occurs in the southern region, in September at Rothera (<À0.25 C/ 10 years) and in February at Vernadsky (<À0.05 C/10 years). The values and annual cycle of monthly surface air-temperature trends recorded at the rest of the stations in the northern region are similar to those obtained for Bellingshausen.
A comparison of the two study periods reveals that monthly surface air-temperature trends within the southern region are higher during longer periods (Vernadsky, 1950e2003; Rothera, 1963e2003) than during 1971e2000 for all months except those with extreme trends. In the eastern and northern regions, the trends are mainly lower during the longer periods (Esperanza, 1952e2003), except for autumn (O'Higgins, 1961e2003; Bellingshausen, 1950e2003) . At all five stations, monthly surface air-temperature trends show greater variability between maximum and minimum monthly trends during the period 1971e 2000 than during longer periods.
Several differences regarding the months with maximum and minimum surface air-temperature trends are apparent for longer periods compared to the period 1971e2000. Monthly surface air temperature shows the greatest increase within the southern region in July at Vernadsky (maximum warming˜1.2 C/10 years), in August at Rothera (w1.0 C/10 years), and in the northern region at O'Higgins (>0.6 C/10 years) and Bellingshausen (>0.6 C/10 years). Again, the highest trend in the eastern region is recorded in May at Table 5 Seasonal and annual trends in mean surface air temperature [ C/10 years] during 1971e2000 and for longer periods (sources: BAS, DMdC, AARI, UAC; see Table 2 ). Gray shading indicates a statistically significant trend at the 95% level. Esperanza (w0.7 C/10 years). Monthly surface air temperature shows the greatest decrease in October in the eastern region at Esperanza (minimum trend: < 0.0 C/10 years), and in the northern region at O'Higgins and Bellingshausen (<À0.2 C/10 years and <0.0 C/10 years, respectively). The smallest increases within the southern region were recorded in November at Rothera (<0.1 C/10 years) and at Vernadsky (<0.2 C/10 years). The annual cycles in monthly mean surface airtemperature trends show various patterns (Fig. 3) . At all stations, the annual cycle for the period 1971e2000 differs from that for longer periods, in terms of amplitude rather than the overall pattern. Again, the southern region is heterogeneous. At Vernadsky, the annual cycle of trends shows gradual fluctuations between maximum and minimum monthly trends with a relatively high monthly variation in trends (1.0 C/10 years during 1950e2003 and 1.5 C/10 years during 1971e2000). At Rothera, the annual cycle of trends oscillates between the local maximum and minimum monthly trends, with monthly variation in trends of 0.9 C/10 years for 1963e2003 and 1.4 C/10 years for 1971e2000. At Esperanza, the annual cycle of trends shows several oscillations, with monthly variations of 0.7 C/10 years for 1952e2003 and 2 C/10 years for 1971e2000. At Bellingshausen, the annual cycle of trends shows a progressive increase to a maximum in August and then drops abruptly to a minimum in October, with monthly variation in trends of 0.6 C/10 years for 1950e2003 and 1 C/10 years for 1971e 2000. At O'Higgins, the annual cycle of trends shows gradual fluctuations (except for August during 1961e 2003), with monthly variation in trends of 0.9 C/10 years for 1961e2003 and 1.2 C/10 years for 1971e 2000. The annual cycle at this station is similar to that at Bellingshausen during 1961e2003, and the monthly variation in trends is similar to that at Bellingshausen during 1971e2000.
Station

Discussion
Analyses of time series of annual, seasonal, and monthly mean surface air temperature at stations in the Table 2 ). northern part of the Antarctic Peninsula and in the South Shetland Islands reveal mainly increasing trends and an alternating series of colder and warmer periods during 1950e2003. Previous studies have also reported a warming trend over the Antarctic Peninsula (e.g., Jacka and Budd, 1998; Kejna, 2003; King, 1994; King and Harangozo, 1998; Skvarca et al., 1998; Smith et al., 1996; Turner et al., 2005) .
It is possible to compare the 1971e2000 time series among different stations (Table 5 ) and with the trends reported by Turner et al. (2005) , who reported the same value of annual trends in mean surface air temperature at Vernadsky and Bellingshausen, and w0.07 C/10 years higher value of annual trends at Esperanza, as compared with findings in this paper. It is possible to perform a more detailed spatial comparison of seasonal air-temperature trends with the results of Turner et al. (2005) . It is more difficult to attempt comparisons with the data provided by , Kejna (2003) , Jacka and Budd (1998) , and other studies, due to differences in the analyzed time periods.
During 1971e2000, the eastern region of the present study area was characterized by prominent annual warming and high seasonal variability, with the highest seasonal trend in autumn, a relatively high trend in winter, and the lowest seasonal trend in spring. The southern region is characterized by extreme seasonal trends in winter and summer at Vernadsky and in autumn and spring at Rothera, and by minor seasonal variability at Rothera. The northern region shows an abrupt change between the largest increasing trend in winter and the smallest increasing trend in spring, with minor seasonal variability. Turner et al. (2005) and reported the same seasons (among the two studies) in an analysis of extreme seasonal air-temperature trends at Vernadsky and Bellingshausen. However, these studies identified different seasons at Rothera (maximum seasonal trend in winter, minimum in summer), probably because of the different time periods considered in the two studies (Turner et al., 2005 . reported a maximum trend at Esperanza in summer, however over a different time period (1952e2000) than in this paper.
An analysis of monthly trends in mean surface air temperature at the five selected stations enables a comparison of the annual cycle in surface airtemperature trends in different parts of the Antarctic Peninsula. Compared with , monthly trends at Vernadsky in the present study show similar values and a similar annual cycle, even though the time periods are slightly different between the two studies.
The maximum monthly trend reached 1.18 C/10 years in July, while the minimum monthly trend was 0.15 C/ 10 years in December. Jones and Reid (2001) analyzed two subregions within the Antarctic Peninsula for the period 1957e 1999. The western Antarctic Peninsula (Rothera Point, Faraday, Bellingshausen) shows higher monthly temperature trends from April to September with a local minimum in July. The northern Antarctic Peninsula (Esperenza, Signy Island, Islas Orcadas, Prat, O'Higgins) shows marked warming in winter (also in autumn at Esperanza), with a local minimum in July and decreasing temperature in October. King (1994) and Smith et al. (1996) reported similar monthly trends at Vernadsky, their time series extend 1944/45 e 1990/1991; the annual cycle of monthly temperature trends follows pattern with maximum trend in June (1.14 C/10 years) and minimum in December (0.1 C/10 years), accompanied by minor oscillations.
For all five stations in the present study, monthly and seasonal variations in surface air-temperature trends are more pronounced for the period 1971e 2000 than for longer periods. The seasons that show extreme seasonal trends are the same for both periods at all stations. Seasonal and monthly trends show greatest variations within the southern region during longer periods and within the eastern region during 1971e2000.
Warming within the study region is caused by a number of processes that may interact in a complex manner. described the differences in climatological and environmental conditions between the western and eastern parts of the Antarctic Peninsula. The mountains of the Antarctic Peninsula, which rise to >1500 m above sea level, form an orographic barrier to northwesterly air flow. The western part of the Antarctic Peninsula is influenced by the AmundseneBellinshausen Sea (ABS) low, a northwestly flow brings warmer airmasses from mid-latitude regions via synoptic-scale systems, and the annual temperature cycle is typical of that of maritime regions. The eastern part of the peninsula is affected by low pressure over the eastern Weddell Sea (WS), southerly barrier winds, and cold airmasses of continental origin; the annual temperature cycle is typical of that of continental regions. The 4e7 C difference in annual surface air temperature between the west and east coasts reflects these contrasting wind regimes. King and Comiso (2003) clarified the spatial coherence of variations in surface air temperature over the Antarctic Peninsula. The surface air temperatures in the western part of the peninsula correlate more strongly with those over the ABS, immediately west of the Antarctic Peninsula, than with those of the east coast of the peninsula.
Atmospheric circulation influences the airmasses that reach the study region, and there occurs high interannual variability in atmospheric circulation over the ABS . There exists large seasonality in the mean sea-level pressure (MSLP), with the difference between the maximum and minimum MSLP exceeding 10 hPa (Fig. 4) ; this trend is associated with movement of the low from its summer location to its winter location. Sea surface temperatures and sea-ice extent to the west of the Antarctic Peninsula have an influence on the airmasses that enter this region, and these factors are in turn influenced by atmospheric circulation and southerly winds (King and Harangozo, 1998; .
The temporally changing location and strength of low sea-level pressure over the ABS affect the advection of warm air over the Antarctic Peninsula , thereby influencing temperatures and temporal trends in temperature in the northern and southern regions (which record the most pronounced winter trends in surface air temperature). The increasing frequency of a dipole anomaly of low pressure over the ABS and high pressure over South Atlantic and the WS can be linked to the incidence of warm winters in the Antarctic Peninsula . The mean cyklone densities in Decembere February (DJF) and JuneeAugust (JJA) reveal relatively few cyclones over much of the WS (Fig. 5 , Simmonds and King, 2004) . King and Harangozo (1998) reported increasing cyclonic circulation in winter (instead of anticyclonic circulation) during 1950e1970. Van den Broeke (2000) noted that the northerly component of atmospheric circulation acts to limit the northward extent of sea-ice in winter. In combination with warm air advection, this causes warming over the Antarctic Peninsula. The northesouth orientation of the peninsula means that it is especially sensitive to changes in circulation that involve a zonal component. The increased northerly component of air flow over the Antarctic Peninsula is linked to the high-index state of the Southern Hemisphere Annular Mode (SAM), which results in enhanced circumpolar westerly winds . SAM is an almost ''zonally symetric oscillation of atmospheric mass between high-and midlatitudes'' (King et al., 2003, p. 24) . SAM has increased since an abrupt decline in the mid-1960s (Fig. 6) , and anthropogenic forcing of changes in SAM are pronounced, especially in summer (because of ozone depletion, greenhouse gases); it is necessary to also consider natural forcing, which indicates complex interactions among physical processes (Marshall et al., 2004) . Orr et al. (2004) proposed that the distinct warming on the western side of the Antarctic Peninsula is affected by fall-out of stronger circumpolar westerlies (stronger since the 1960s and originating from more northerly regions) on the mountains, which changes their zonal flow to meridional flow. Marshall et al. (2006) concluded that SAM has an important influence on summertime warming on the east coast of the northern Antarctic Peninsula, because in this region the westerlies are strong enough to pass over the orographic barrier represented by the mountains. and Turner et al. (2005) , among others, have noted the association between atmospheric circulation in the region of the Antarctic Peninsula and the state of El NinoeSouthern Oscillation (ENSO). ENSO events may bring about a tropical influence on climate changes in this region; however, warm ENSO events cause high pressure (enhanced blocking) over the ABS, corresponding to cold conditions and more southerly winds over the Antarctic Peninsula. The mechanism of these influences has yet to be sufficiently explained, suggesting that factors other than atmospheric circulation control the temperatures of the Antarctic Peninsula.
Surface air temperatures on the west coast of the Antarctic Peninsula (Faraday) show a negative correlation with sea-ice extent in the ABS, especially in winter (Comiso, 2000; Jacobs and Comiso, 1997; King, 1994; King and Harangozo, 1998; . Sea-ice in the ABS reaches the northern part of the Antarctic Peninsula in late winter before melting back. In contrast, the east coast is largely icebound throughout the year (except for the most northerly part) and is affected by southerly winds and cold airmasses (Fig. 7) . King (1994) proposed that the driving variable of sea-ice extent is surface air temperature, rather than vice versa, but subsequent feedback of sea-ice extent on surface air temperature may exist. King and Harangozo (1998) tried to identify the driving variable in the ocean-ice-atmosphere interaction, if it is surface air temperature or sea-ice extent. emphasized the control of air-temperatures by sea-ice extent. All of the above studies confirmed the occurrence of strong feedback between surface air temperature and sea-ice extent.
Satellite records of sea-ice to the west of the Antarctic Peninsula (in ABS) during the period 1973e 1996/1997 show no obvious trend, but high interannual variability (Jacka and Budd, 1998; King and Harangozo, 1998; . However, information on sea-ice extent is scarce prior to 1972, being largely restricted to summertime ship reports. Turner et al. (2005) and King and Harangozo (1998) suggested that the extent of sea-ice west of the Antarctic Peninsula was greater during the 1950s and 1960s than during the following decades. Temperatures at the Antarctic Peninsula are sensitive to small changes in the extent of sea-ice (King and Harangozo, 1998) . As the 0 C summer isotherm traverse the Antarctic Peninsula, minor summertime warming can lead to a distinct increase in the rate of ice melt . Morris and Vaughan (2003) located the annual isotherm 0 C just west of the South Shetland Islands and identified the limit of the ice shelf as corresponding to the À9 C isotherm. Ice shelves located between the À5 C and À9 C isotherms were retreating or even disappearing. They revealed the relationship between limit of ice shelves and the mean surface air temperature, indicating that the sea-ice extent in the region of the Antarctic Peninsula is highly sensitive to atmospheric (air-temperature) control.
The extent of sea-ice is influenced not only by atmospheric forcing but also oceanic forcing (Jacobs and Comiso, 1997; . The ABS is the only part of the Antarctic continental shelf where the upwelling of relatively warm Circumpolar Deep Water is possible. This upwelling influences the sea-ice extent and its intrusion can be linked to the proximity of the Antarctic Circumpolar Current to the shelf break . The position and strength of this current are affected by circumpolar westerlies and ocean temperatures.
The increasing concentration of greenhouse gases within the global climate system may also contribute to warming, as examined by using a Hadley Center atmosphereeocean general circulation model. The model shows greatest warming in polar regions, although it produced limited regional-scale details of the warming trend.
Conclusions
To obtain reliable analyses and conclusions regarding Antarctic temperatures requires high-quality input data. Meteorological measurements within Antarctica are commonly hampered by technical and logistical difficulties. Accordingly, in the present study, careful attention was paid to the quality and formatting of input data, homogeneity tests, and homogenization. The examined temperature time series were commonly incomplete, requiring interpolation using reference time series with an emphasis on minimal data distortion. A significant in homogeneity was found only at Frei from November 1994.
The present analyses focused on spatial variability in the time series, based on the statistic characteristics of surface air temperature and its trends. Although the area of interest is small compared with Antarctica as a whole, it can be divided into three relatively homogeneous regions that differ in their statistical characteristics and their trends, variations, and annual cycles in surface air temperature. The southern region shows a somewhat heterogeneous distribution of seasonal trends.
The most strongly increasing trend in annual mean surface air temperature (0.68 C/10 years, corresponding to an increase of 2.04 C over 30 years) is observed at Marambio (eastern region) for the period 1971e2000, and at Vernadsky (southern region, reaching 0.56 C/10 years, equating to an increase of 2.97 C over the 54 years from 1950 to 2003). The smallest increase in annual mean air temperature is recorded at Rothera (southern region; 0.25 C/10 years, corresponding to an increase of 0.75 C over 30 years from 1971 to 2000) and at O'Higgins (northern region, 0.18 C/10 years, corresponding to an increase of 0.77 C over the observed 43 years from 1961 to 2003). All of these trends (except the trend at Rothera) are statistically significant at the 95% level. The most pronounced warming is recorded during the winter or autumn months, with relatively minor warming or even minor cooling during the spring and summer months. The northern and southern regions are characteristized by a long summer with surface air temperatures above 0 C and a slightly increasing or even decreasing trend in temperature; minimum surface air temperatures are found in July and August, with distinct increasing trends from May to August (from April in the case of Rothera). The northern region shows the smallest variations in monthly trends. The eastern region has a relatively short summer but long winter. Small trends in air temperature are recorded from September to December, whereas relatively large trends occur from January to August. For the period 1971e2000, surface air-temperature trends are higher in the eastern region than in the southern region from January until May. The statistical significance of the observed trends is relatively high in summer and autumn because of the minor temperature variability, but is reduced in winter when temperature variability is most pronounced.
The pronounced warming in winter is linked to feedback among atmospheric and oceanic processes, and sea-ice extent. In summer, the west coast of the Antarctic Peninsula is free of ice, whereas the east cost is icebound and influenced by cold winds, although temperature data are lacking. Trends in surface air temperature are different among the three regions (e.g., warming rates, and the months and seasons of extremes), although not to a large degree; the eastern region could be considered representative of the eastern side of the Antarctic Peninsula. The influence of the orographic barrier represented by mountains is limited to the northen tip of the peninsula. King and Comiso (2003) demonstrated that air temperature at James Ross Island is representative of the northernmost part of the Antarctic Peninsula and the South Shetland Islands. Further analysis of differences in surface temperature between the western and eastern sides of the Antarctic Peninsula requires records from other eastern localities, although such data are scarce compared with station records.
